In this paper, we propose a driving method for compensating the electrical instability of hydrogenated amorphous silicon (a-Si:H) thin film transistors (TFTs) and the luminance degradation of organic light-emitting diode (OLED) devices for large active matrix OLED (AMOLED) displays. The proposed driving method senses the electrical characteristics of a-Si:H TFTs and OLEDs using current integrators and compensates them by an external compensation method. Threshold voltage shift is controlled a using negative bias voltage. After applying the proposed driving method, the measured error of the maximum emission current ranges from À1:23 to +1.59 least significant bit (LSB) of a 10-bit gray scale under the threshold voltage shift ranging from À0:16 to 0
Introduction
Active matrix organic light-emitting diode (AMOLED) displays have advantages such as large viewing angle, short response time, small thickness, and low power consumption. The hydrogenated amorphous silicon (a-Si:H) thin film transistor (TFT) backplane is a very much matured technology in producing large AMLCDs. AMOLED displays, which use the a-Si:H TFT backplane, are highly attractive for television applications that require low production cost, short response time, vivid color, and large viewing angle. However, OLED devices have a critical problem of luminance degradation causing the image sticking problem. 1, 2) Also, the threshold voltage shift characteristic of a-Si:H TFTs directly causes the reliability problem.
3) Therefore, AMOLED displays using the a-Si:H TFT backplane should compensate the threshold voltage shift as well as the OLED luminance degradation.
Many pixel circuits and driving techniques have been studied to overcome the threshold voltage shift of a-Si:H TFTs and the OLED luminance degradation. [4] [5] [6] [7] [8] [9] [10] [11] [12] They are categorized into internal [4] [5] [6] [7] [8] [9] and external [10] [11] [12] compensation methods. The current-scaling current-mirror pixel circuit using the current programming method was proposed to compensate for the threshold voltage variation and the device geometric size mismatch of a-Si:H TFTs. 4) However, it does not compensate the threshold voltage shift of a-Si:H TFTs as well as the OLED luminance degradation. The driving method using fraction time annealing (FTA) 5) and the pixel circuit using a depletion-mode a-Si:H TFT 6) were proposed to suppress the threshold voltage shift of the a-Si:H TFT, but they do not compensate the OLED luminance degradation. The pixel circuits for minimizing the decrease in OLED current caused by the threshold voltage shift of aSi:H TFTs and the turn-on voltage shift of OLEDs were proposed. 7, 8) However, they cannot compensate the OLED luminance degradation because the efficiency and turn-on voltage of an OLED are degraded together by the current or voltage stress. The optical feedback pixel circuit using the sensor TFT was proposed to compensate the OLED efficiency degradation as well as the threshold voltage shift of TFTs. 9) However, it suffered from an inaccurate compensation because the output of the sensor TFT does not reflect the efficiency of an OLED perfectly. On the other hand, the external compensation methods 10, 11) completely compensate the deviation factors, namely, the threshold voltage of the a-Si:H TFT and the OLED luminance degradation, by sensing and compensating them, respectively. The external compensation method using the direct threshold voltage sensing technique 10) is too complex to apply to a high-resolution format over a full high-definition (FHD) resolution format because it needs the TFT to block the emission current and seven long metal lines in the pixel circuit. The external compensation method using a currentmode comparator does not use the TFT for blocking the emission current. 11, 12) However, the error of the current sensing results occurs owing to the current resistance (IR) drop of the sensing line when sensing the OLED current.
In this paper, we propose a driving method for compensating the electrical instability of the a-Si:H TFT and the OLED luminance degradation of large AMOLED displays. The proposed driving method has the current integrator in the driver IC to reduce the number of TFTs in the pixel circuit and senses the electrical characteristics of a-Si:H TFTs and OLEDs. The proposed driving method also uses the digitally correlated double sampling (DCDS) technique to eliminate the error of the current sensing results caused by IR drop. A negative voltage biasing technique is used to control the threshold voltage shift to solve the reliability problem of the a-Si:H TFT in the proposed driving method as well. Figure 1 shows a block diagram of a timing controller (T/CON), a schematic diagram of a driver IC, and a pixel circuit for the proposed driving system. The pixel circuit consists of four long metal lines (sense, data, scan, and V DD lines), three TFTs, and one capacitor. The sense and data lines are used to sense the OLED current and to program the data voltage, respectively. T 1 is used as the driving TFT for sourcing the emission current to the OLED. T 2 and T 3 are used as switch TFTs, and C S is used as a storage capacitor to hold the voltage of the N 1 node. In the driver IC, an operational amplifier (A 2 ) and a feedback capacitor (C F ) configure the current integrator to sense the current of T 1 and the OLED. Operations of the proposed driving method are divided into OLED sensing, TFT sensing, programming, emission, and threshold voltage recovery.
Proposed Driving Method

OLED sensing operation
The OLED sensing operation is only performed at the instance of turning-on time of the display system. In the OLED sensing operation, the proposed driver IC senses the electrical characteristics of OLEDs. The proposed driver IC uses the DCDS technique to remove the current sensing error caused by the offset of the current integrator and IR drop in the sense line. The DCDS technique measures the output voltage of the current integrator twice. The current sensing error is eliminated by subtracting the measured result of a reference current (I REF ) from that of the OLED current (I OLED ). When S 1 , S 3 , S 5 , and S 6 switches turn on and other switches turn off in Fig. 1 , voltages of the negative input terminal (V inn,A2 ) and the output terminal (V out,A2 ) in A 2 are settled to a reference 
Thus, T 1 enters the cut off region, and the current through S 5 is only supplied from the OLED. At this time, the current integrator drives the sense line with a large parasitic capacitance to V REF DAC owing to the virtual short property of A 2 . Therefore, the sensing operation is fast regardless of the magnitude of the sensing current. After the ADC converts V REF DAC to the digital code, D REF DAC , S 5 turns off and V out,A2 decreases proportionally to the ratio of I OLED to C F , as shown in Fig. 2(b) . The ADC samples V out,A2 in the same manner as the sensing operation of I REF .
As a result, the sensing voltage of I OLED at the ADC (V IOLED ) is given by 
where R P , R on,T3 , and V OLED are the parasitic resistance of the sense line, the on-resistance of T 3 , and the voltage across the OLED, respectively. At this time, the digital input representing V DAC FINAL is stored in the T/CON memory. V OLED changes with the amount of OLED degradation as the luminance efficiency of OLED devices degrades.
13) The change in V DAC FINAL (ÁV DAC FINAL ) is equal to that in V OLED (ÁV OLED ) caused by the OLED luminance degradation because V DD , I REF , R P , R on,T3 , and V offset,A2 are constants. Therefore, the proposed driving method senses the OLED luminance degradation using ÁV DAC FINAL .
TFT sensing operation
In the TFT sensing operation, the driver IC senses the threshold voltage shift of T 1 (ÁV th,T1 ). ÁV th,T1 is sensed during both the turn-on and display times of the display system. When the scan signal becomes high, the S 2 , S 3 , S 5 , S 6 , and S 7 of the driver IC turn on simultaneously. At this time, the reference data voltage (V REF DATA ) for flowing I REF in T 1 is programmed to the N 1 of the pixel circuit by using the DAC and A 1 . In order to block the emission current of the OLED, V CM should satisfy the following condition:
where I MAX,T1 and V th,OLED are the current for the maximum brightness of the display and the voltage across the OLED in the minimum brightness of the display, respectively. In order to sense the initial ÁV th,T1 during turn-on time, the driver IC senses I T1 for the same a-Si:H TFT repeatedly until I T1 is 
where n , C ox , W, L, and V th,T1 are the field-effect mobility, the gate oxide capacitance, the width, the length, and the initial threshold voltage of T 1 , respectively. At this time, the difference of the digital inputs representing V REF DATA FINAL and V REF DATA is equal to ÁV th,T1 and is stored in the T/ CON memory. The TFT sensing operation during display time is performed for TFTs of one row line per frame. Therefore, the electrical characteristics of the driving TFTs in pixels on the same row line are sensed every 18 s to apply the FHD resolution format with a 60 Hz frame rate. This makes it possible to compensate the electrical characteristics of the driving TFTs in real time.
Data programming and emission operations
In the data programming and emission operations, the video data modulation for compensating the OLED luminance degradation and the threshold voltage shift of T 1 is performed. The driver IC supplies V DATA to the N 1 of the pixel circuit in the data programming operation. When the scan signal becomes high and the S 2 , S 3 , S 5 , and S 7 of the driver IC turn on, V DATA is applied to N 1 through T 2 by A 1 . The modulated data voltage for the external compensation is given by
where and V gray are the degradation percentage of the OLED luminance and the data voltage representing the gray level, respectively. In the emission operation, the scan signal becomes low and the emission current (I em ) flows to the OLED through T 1 . I em can be expressed as
where I gray is the current representing the gray level. It is shown that I em is independent of the threshold voltage of T 1 . Also, I em increases as the OLED is degraded by the factor. The anode-to-cathode voltage of an OLED increases monotonically as its luminance is degraded by a constant current stress. 14) In order to compensate the degraded luminance of an OLED, the factor should decrease monotonically. However, the factor varies with the materials and fabrication process of an OLED. Therefore, it must be extracted for a specific OLED by measuring the relationship between the anode-to-cathode voltage and the degradation of the current efficiency of an OLED. A look-up table (LUT) in the T/CON stores the factor with respect to ÁV DAC FINAL in the OLED sensing operation and V th,T1 . The factor ranges from 1 to 0 according to luminance degradation. V th,T1 is extracted by the constant current method 15) using the current integrator before driving for compensation.
Threshold voltage recovery operation
After the emission operation, the driver IC programs the data voltage (V DATA MIN ) representing the minimum gray level or a negative bias voltage (V NEG ) to the pixel for the threshold voltage control. The programming voltage is selected by turning on S 7 or S 8 when the scan signal becomes high. The threshold voltage shift of a-Si:H TFTs is changed with respect to the magnitude of the negative bias voltage, which is forced to the gate terminal. 5) Thus, the driver IC controls the threshold voltage shift using the negative voltage biasing technique. Figure 3 shows the expected threshold voltage change of the driving TFT with respect to time, when the negative voltage biasing technique is applied to the driving TFT. The proposed driver IC programs V DATA,MIN until the threshold voltage crosses over the upper limit and programs V NEG until the threshold voltage crosses over the lower limit. The upper and the lower limits are the maximum and minimum levels of the threshold voltage range to be controlled.
Experimental Results
The speed and accuracy of the proposed sensing circuit were verified by HSPICE simulation using the RPI TFT model 16) and building blocks modeled using Verilog-AMS.
17) The simulation conditions for evaluating the proposed driving method are summarized in Table I . Figure 4 shows the simulated output waveforms of the current integrator and the sample and hold circuit in the ADC. The current integrator starts to integrate the current of the driving TFT from 500 ns.
After that, the sample and hold circuit samples the output of the current integrator 50 ns later. The simulation result shows that the sensing speed is very high even though the sense line has large parasitic resistance and capacitance. It takes only 288 s to sense all driving TFTs in the pixels on a row line. Simulation results also show that the proposed sensing circuit can sense the current changed with a threshold voltage shift of 4 mV. We configured the board-level driver IC to verify the proposed driving method. The driver IC consists of a 12-bit high-voltage DAC, a high-voltage amplifier, and a 12-bit ADC. The threshold voltage of the driving TFT was measured using a semiconductor parameter analyzer. Figure 5 shows the measured waveforms of the current integrator output and the integrator reset signal when the drain current of the driving TFT and the capacitance of the feedback capacitor are 1.08 A and 2 pF, respectively. We used the large capacitor to ensure the operation stability of the high voltage amplifier. The measured slope of the current integrator output is 5:4 Â 10 5 V/s and is determined with the results of eq. (2).
Figures 6(a) and 6(b) show the measured results of the emission current error for every gray level before and after compensating the threshold voltage shift of the driving TFTs by using the board-level driver IC. The negatively shifted threshold voltage of Figs. 6(a) and 6(b) appears because the proposed driving method uses the negative voltage biasing technique to control the threshold voltage shift. The measured results show that the proposed driving method reduces the maximum emission current error from 40.9 to 4.5 LSB while the threshold voltage varies from À0:49 to 0.49 V. As shown in Fig. 6(b) , the emission current error is reduced to less than 2 LSB when the threshold voltage shift ranges from À0:18 to 0.16 V. We used the negative voltage biasing technique to keep the range of the threshold voltage shift from À0:16 to 0.16 V. Figures 7(a) and 7(b) show the measured results of the threshold voltage shift and the maximum emission current error with respect to time when applying the negative voltage biasing technique. In order to accelerate the threshold voltage shift, we forced 10 and À15 V to the gate of the driving TFT whenever the current sensing result of the driving TFT crossed over the lower and the upper limits. The measured results in Fig. 7(a) show that the threshold voltage shift is controlled from À0:16 to 0.17 V when the initial threshold voltage is 0.73 V. The measured results in Fig. 7(b) show that the maximum emission current error ranges from À1:23 to 1.59 LSB under the threshold voltage shift range from À0:16 to 0.17 V.
Conclusions
We propose the driving method to compensate the threshold voltage shift of a-Si:H TFTs and the OLED luminance degradation for large AMOLED displays. The compensation effect for the threshold voltage shift of a-Si:H TFTs is verified by the experimental results. In order to implement the proposed driving method, we propose the 10-bit driver IC with current integrators to sense the electrical characteristics of driving TFTs and OLEDs. Also, we use the DCDS technique to enhance the accuracy of the sensing results and the negative voltage biasing technique to control the threshold voltage shift. The measurement results show that the emission current error ranges from À1:23 to 1.59 LSB when the threshold voltage shift is controlled from À0:16 to 0.17 V. From the results shown, the proposed driving method is considered suitable for large AMOLED displays using the a-Si:H TFT backplane. 
